We report the synthesis of SrMnO 3- F  perovskite oxyfluoride thin films using a vapor transport method to fluorinate as-grown SrMnO 2.5 epitaxial thin films. The influence of the fluoropolymer, which acts as a fluorine vapor source, was investigated by utilizing polyvinyl fluoride (PVF), polyvinylidene difluoride (PVDF) and polytetrafluoroethylene (PTFE) in the reaction. The same process was carried out with polyethylene (PE) to isolate the role of carbon in the vapor transport process. The F distribution was probed by X-ray photoemission spectroscopy, which confirmed the incorporation of F into the films and revealed higher F concentrations in films exposed to PVF and PVDF compared to PTFE. The c-axis parameter expands after fluorination, a result consistent with density functional theory calculations that attribute the volume expansion to elongated Mn-F bonds compared to shorter Mn-O bonds. Using X-ray absorption spectroscopy, we show that the fluorination process reduces the nominal Mn oxidation state suggesting that F 2 substitutes on O sites in the lattice as opposed to filling anion vacancy sites, a finding further supported by calculated formation energies of different F site occupancies. These results provide new insights into topochemical fluorination of perovskite oxides, which should enable future synthesis and design efforts focused on oxyfluoride heterostructures.
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I. INTRODUCTION
Combining multiple chemically distinct anions into functional materials presents a useful route to tune and design material properties [1, 2] , ranging from superconductivity [3] [4] [5] to ionic conductivity [6, 7] . In particular, the metal oxyfluorides are of interest as incorporation of both F -and O 2-provides a means to alter metal-anion bond ionicity and the nominal metal oxidation state. For example, if F replaces O through anionic substitution, the transition metal will be reduced, increasing its nominal electron count. The use of F as an electron dopant has been employed in doping cuprates into the superconducting state [8] and in reducing Fe to a 3+ oxidation state through conversion of SrFeO 3 to SrFeO 2 F [9] . In NdNiO 3 , an orders of magnitude increase in room temperature resistivity was observed upon fluorination, highlighting the significant electronic modifications that can be induced through fluorine incorporation on the anion site [10] . Additionally, structural changes induced through fluorination to metal-anion bonding environments have also been reported to play a central role in superconductivity in cuprates [3] . In perovskite oxides, the incorporation of F on the anion site is more accessible compared to other halides because F -and O 2-are relatively similar in size [1] , often allowing for the crystal structure to be maintained upon fluorination, which may not be feasible with incorporation of larger halide ions such as Cl -or Br -. The limit to the F concentration in perovskite oxyfluorides is typically set by the oxidation states that the B-site cation can accommodate [11] . Early synthesis efforts of transition metal oxyfluorides were carried out by solid-state reactions at around 1000°C [12] . In order to reduce the synthesis temperature, topochemical fluorination of metal oxide precursors with fluorine sources including F 2 , NH 4 F, MF 2 (M = Ba, Cu, Ni, Zn), and XeF 2 was utilized, significantly reducing the reaction temperature [5] . This fluorination method has been reported in producing powder samples of copper, titanium, iron, manganese and other metal oxyfluorides [3] [4] [5] [6] 13 ].
An alternative approach to fluorination at low temperatures was introduced by Slater [14] , who demonstrated that polyvinylidene difluoride (PVDF) can be used as a fluorine vapor source when decomposed in close proximity to metal oxide powders. Following the work of Slater, PVDF has been applied in fluorination of other metal oxide samples in powder form, especially in producing the perovskite-related oxyfluoride materials [9, [15] [16] [17] . The use of fluoropolymers can further reduce the fluorination temperature to 180°C for PVDF and 330°C for polytetrafluoroethylene (PTFE) [11] , and mitigate the formation of secondary phases.
Additionally, polymer-based fluorination has been applied to the synthesis of oxyfluoride thin films, carried out as post-growth reaction on as-grown films [18] [19] [20] [21] . To date, these fluorination studies of thin films have all utilized PVDF as the fluorine source, while PTFE has been only investigated in producing bulk oxyfluorides [22] . To the best of our knowledge, polyvinyl fluoride (PVF) has not been reported as a fluorinating agent yet. Thus, there has been no systematic report of how the choice of fluoropolymer influences the fluorination reaction and resultant oxyfluoride films.
We have synthesized epitaxial SrMnO 3- F  (SMOF) oxyfluoride thin films by fluorinating the as-grown SrMnO 2.5 (SMO) films with PVF, PVDF, and PTFE. We find that the use of PVDF and PVF results in more F incorporation than PTFE; however, the crystalline quality decreases with increasing F content. The c-axis parameters are observed to expand with the F incorporation, consistent with the formation of Mn-F bonds. After fluorination, the nominal 3+ valence state of Mn in the as-grown film was reduced toward 2+ suggesting that F is incorporated through substitution for O as opposed to insertion into anion vacancy sites.
II. METHODS
Epitaxial films of SrMnO 3-δ were deposited by oxide molecular beam epitaxy (MBE) on 10×10 mm 2 (LaAlO 3 ) 0.3 (Sr 2 TaAlO 6 ) 0.7 (LSAT) (0 0 1) substrates. We estimate to be close to 0.5 based on the lattice constant and X-ray absorption spectroscopy (XAS) data (discussed later).
During growth, the substrate heater was maintained at 600°C while the main chamber pressure was held at ~2.5×10 -6 Torr after introducing O 2 . Reflection high-energy electron diffraction (RHEED) was used to monitor the deposition in situ. The cation fluxes were evaporated from heated Sr and Mn metal sources and were measured by a quartz crystal monitor to determine the shuttering times. The metal cations were co-deposited for ~30 s per unit cell followed by a 10 s anneal pause. The atomic composition was calibrated by Rutherford backscattering spectroscopy (RBS) and X-ray photoelectron spectroscopy (XPS) depth profile. The total thickness of the asgrown SMO films is approximately 80 unit cells (~ 30 nm).
Before fluorination, each 10×10 mm 2 as-grown SMO film was cut with a sectioning saw into 9 equal square pieces of ~3.3×3.3 mm 2 . Each piece was then fluorinated with different fluoropolymers so that when comparing among the fluorinated films, the growth difference of the as-grown films is minimized. The fluorination method used was a vapor transport process, based on that reported by Katayama and coauthors [19] . In this approach, both the SMO film and fluoropolymer were placed in an alumina boat, separated by a piece of aluminum foil to prevent their physical contact. The boat was covered with aluminum foil to encourage the released F to react with the SMO film; then the boat was placed inside a quartz tube in a tube furnace. A schematic of the growth apparatus is shown in the Supplemental Material ( Figure S1 ) [23] . The fluoropolymer was located upstream of the SMO film in flowing Ar gas with a 0.25 L/min flow rate. The mass of the polymer source used in each reaction was 0.5 g. The chemical formulas and decomposition temperatures of these polymers are listed in Table 1 . One series of fluorination experiments was performed at 225°C for 30 min, another was at 235°C for 30 min. These reaction temperatures are lower than the polymer decomposition temperatures, although it should be noted that decomposition begins at temperatures lower than those listed in Table 1 . For example, although the decomposition temperature of PTFE is 460°C [24] , slight decomposition was observed as low as to 230°C [25] ; this reduced initiation temperature for decomposition is observed in PVF and PVDF [24] . We choose fluorination temperatures of 225°C and 235°C to preserve the crystallinity of the fluorinated oxyfluoride films and to prevent formation of secondary phases [19] . X-ray diffraction (XRD) and X-ray reflectivity (XRR) were measured with a Rigaku SmartLab diffractometer and simulated and fitted, respectively, with GenX [29] . XRD 2θ-ω scans were performed around the 0 0 2 Bragg peak. X-ray reflectivity is a low angle scattering technique used to probe thin films, in which oscillations in the intensity arise from scattering contrast between the film and substrate. By fitting the reflectivity, quantities such as thickness, surface roughness, and density uniformity throughout the film can be quantified [30] . XPS was used to track the atomic composition depth profile through the entire film with the Ar + ion gun sputtering at 500 eV. The XPS depth profile and photoelectron spectra of each element was analyzed with CasaXPS [31] . Brillouin zone integrations were performed with the tetrahedron method. The cell volume and atomic positions were relaxed until the forces on each atom were less than 5 meV/Å -1 . A Hubbard U = 3 eV was applied to the Mn 3d orbitals. Spin order was set to G-type antiferromagnetic (AFM) order for SrMnO 3 , and E-type spin order for oxygen deficient systems (SrMnO 2.5 ) [38] . Formation energies were calculated for structures with one F atom to identify the preferred substitution/insertion site as follows: As shown in Figure 1 (c), the c-axis parameter expands after reacting with both PE and fluoropolymers (PTFE, PVF, PVDF), but the lattice expansion is more pronounced after fluorination. For the 235°C reacted films, the lattice expansion is accompanied by a degradation of crystallinity, which is also reflected in the XRR data in Figure 1 (b). The XRR data are plotted with the fitted curve shown in black. To accurately capture the XRR data, the PVF and PVDF fluorinated films had to be simulated using a model in which the film is divided into three layers 9 and the PTFE fluorinated film is divided into two layers. The need to split the films into multiple layers suggests non-uniformity through the depth of the film. For the as-grown and PE annealed films, a single-layer model provides an optimal fit. Additionally, an increase in surface roughness (R) is observed in the PVDF (R = 37 Å) and PVF (R = 30 Å) samples, compared to the as-grown, PE-and PTFE-treated films (R = 6-9 Å). The parameters of the XRR fitted data are listed in Table S1 of the supplemental material. The results are attributed to an inhomogeneous depth distribution of F in PVF and PVDF fluorinated films, a hypothesis supported by XPS. These data were measured from the samples denoted by yellow squares in Figure 1 (c) and (d).
To probe the depth profile of the F concentration, XPS measurements were performed.
Photoemission spectra were collected after 20 cycles of Ar + ion gun sputtering. After each cycle, the Sr 3d, Mn 2p 3/2 , O 1s, and F 1s photoelectron spectra were obtained. The data shown at "0-minute" sputtering time indicates the measurement from the surface prior to any sputtering; the depth profile reaches the LSAT substrate after 20 cycles. In converting from sputtering time to depth, we assume that the sputtering rate is uniform throughout the film and that each sputtering cycle removes 1.6 nm of material. Figure 2(a) shows the depth profile of the PE annealed film.
There is a high C residue on the surface which is 73 % of the total atomic concentration (Table S1 ). In contrast, PTFE results in a more uniform distribution of F through the film. Even after exposure to longer reaction times with PTFE to increase the F content in the film, the near-surface region of the PTFE-reacted SMOF film has significantly less F accumulation compared to the PVDF and PVF-reacted films, as shown in Fig. S4 . The average F concentration () is obtained by averaging over cycles 5 to 15
and normalizing by the average of Sr and Mn composition. The precursor fluoropolymer, c-axis parameter, and γ value with standard deviation of each film are listed in Table 2 . Figure 3 (a).
Models consisting of two fluorine atoms were generated based on oxygen substitution and at different distances; one with F located on the same polyhedral unit and another with F located further away in the supercell. From the DFT calculations, the c-axis parameter generally increases with fluorination, as shown in Figure 3 We note that the PE annealed film also shows a lattice expansion even though there is no F involved. Considering the ionic size of Mn 2+ is larger than Mn 3+ , any reduction of the as-grown film will also result in lattice expansion [13, 19] . Thus, we believe that the C and H species released from the decomposing polymers contribute to oxygen removal from the film. respectively, for all five films for which the structural data is plotted in Figure 1(a,b) . The F Kedge EY and LY signal were obtained over the photon energy range of 660 to 710 eV. The EY signal is acquired while monitoring the sample drain current, which is due to the emission of photoelectrons created by the absorbed X-rays. There is a sampling depth limitation of the EY signal, which makes it a surface sensitive mode [42] . In contrast, the LY detection mode is bulk sensitive, capturing information over the entire film thickness [43, 44] . As shown in Figure 5 , the [45, 46] , which shows a similar double-peak a 2 and a 3 feature.
Meanwhile, the low-intensity a 1 peak located at lower binding energy than the a 2 peak is consistent with the lower energy position of the F K-edge in MnF 3 than that in MnF 2 [45] , which indicates some amount of F bonded with Mn 3+ . In the LY data, the a 2 and a 3 peaks become less intense while the a 1 peak intensity increases compared to the EY data. We conclude that on the surface, F ions are dominantly bonded with Mn 2+ but within the film there is a considerable amount of Mn 3+ -F bonds. To confirm the oxidation state of the surface and bulk Mn, the Mn L-edge XAS spectra were measured in both EY and LY mode, as shown in Figure 6 . Previously, Mn L-edge XAS spectra of different Mn valence states have been measured from manganese oxide MnO x [47] , manganese fluoride MnF x [45] , and manganite perovskite La x MnO 3−δ [48] . We use the Mn Ledge XAS spectra of these materials to analyze the spectra from the SMOF films. Additionally, the Mn L-edge XAS spectra for both Mn 2+ and Mn 3+ were simulated in CTM4XAS [49] and plotted in supplemental material ( Figure S5 ) with the difference spectra obtained by subtracting the Mn 3+ from the Mn 2+ spectrum. The relevant simulation parameters are listed in supplemental material (Table S2) as well. The simulated spectra are used as a reference for our measured XAS data.
For the XAS data of the as-grown SMO film, EY and LY signals are shown in Figure 6 (a) and (c). Both present the Mn 3+ feature that confirms the stoichiometry of our as-grown SMO film is very close to SrMn 3+ O 2.5 . The Mn L-edge EY signal of PVF and PVDF fluorinated films presented in Figure 6 (a) is similar to the Mn 2+ spectra from previous experimental reports [45, 47, 50] and the simulation in Figure S5 . Therefore, the surface Mn of PVF and PVDF fluorinated films are dominated by Mn 2+ , which is consistent with the intense a 2 and a 3 peaks in Figure 5 (a) of these SMOF films originating from Mn 2+ -F bonds.
There are four peaks marked in the Mn L 3 -edge spectra in each panel of Figure 6 . These [46, 47, 48, 50] . Among them, feature b 1 (located at 639.2 eV in our SMOF films, 640.4 eV in MnO [50] , and 640 eV in MnF 2 [45] ) is assigned to Mn 2+ . These four measured peaks b 1 to b 4 match up well with the simulated spectra in Figure S5 .
The difference spectra of the Mn L-edge in Figure 6 Consequently, the more F is incorporated, the more O is being substituted which will result in further reduction of Mn. Comparing the F content probed by XPS in Figure 2 with the difference spectra in Figure 6 , the PVF and PVDF fluorinated films have higher  and a larger Mn 2+ feature compared with the PTFE fluorinated film.
This experimental evidence for fluorine substitution reactions, instead of fluorine insertion, is consistent with formation energies obtained from DFT, listed in Table 4 . Among the F/O substitutions, the F substitution on the O2-site has the lowest formation energy of -13.26 eV.
Meanwhile, the F/O-vacancy occupation has a formation energy of -13.22 eV, which is slightly higher than the F/O2 substitution. These formation energy trends are maintained with various density functionals with our PBE+U=3eV results shown here providing close to a lower limit on the energetic site-occupancy stability. Therefore, F substitution on the O2-site is the most energetically favorable fluorination pathway explored, which supports the F/O substitution mechanism. Considering our computed formation energies in Table 4 , it is noteworthy that F substitution on the O2-site is distinctly more stable than other substitution sites. The O2-site corresponds to the equatorial anion for one pyramidal unit and the apical anion for another square pyramidal unit, whereas the O1-and O3-sites are always equatorial anions. The square pyramid having F on an equatorial anion site more strongly affects the local d-orbital configuration for that ion than when the F is on apical site. For the PE annealed film, there is no F vapor, but the manganite is still being reduced. In view of this, besides the F/O substitution induced film reduction, C and/or H in the polymers also acts as a reducing agent, a result previously reported in bulk metal oxides [22] . The deconvoluted surface C 1s XPS spectra are shown in Figure S2 to study the C components. The PE annealed film has the highest concentration of surface C residue in the form of C-C/C-H bonds, which indicates the surface residues are mainly hydrocarbon materials. We also note that the formation energies can change depending on the choice of functionals in density functional calculations, and the PBE functional is known to provide most often the smallest formation energies [2, 3] . Therefore, we deduced that the formation energy difference among different site-occupancy configurations will be larger when different functionals are applied, further supporting the assignment of the F-on-O2-site configuration.
